The Arp2/3 complex is essential for actin nucleation and filament elongation in a variety of intracellular processes. This functional versatility is exerted through the regulation of its activity by nucleation-promoting factors (NPFs). The discovery of a new NPF, WHAMM, reveals unexpected connections between the actin and microtubule cytoskeletons and membrane dynamics during ER-to-Golgi transport.
only a partial picture of the versatile capabilities of this complex in mediating actin dynamics in diverse cellular events, and further studies are bound to reveal some surprises.
The Arp2/3 complex is an evolutionarily conserved complex, composed of seven subunits, two of which -Arp2 and Arp3 -are structurally similar to monomeric actin, serving as a template for nucleation, while the remaining five -ArpC1-ArpC5 -contribute to nucleation and filament binding [2, 6] . The most striking feature of the isolated Arp2/3 complex is that it is a poor actin nucleator whose activity is enhanced and becomes physiologically meaningful by engaging with nucleation-promoting factors (NPFs) [2, 6] . Importantly, in addition to activating the Arp2/3 complex, NPFs serve as detectors of different signal transduction pathways that are almost invariably conveyed by Rho GTPases and regulate NPF activity in a spatially and temporally controlled fashion, ensuring precise coordination of the forces generated by actin polymerization [1, 7] .
Most mammalian NPFs are members of the Wiskott-Aldrich syndrome protein (WASP)/WAVE family, which comprises six proteins. WASP, which is restricted to haematopoietic cells, was identified as the product of the gene mutated in human patients with Wiskott-Aldrich syndrome (WAS), an immune disorder caused by a deficiency in the actin cytoskeleton of white blood cells and platelets [8] .
Other cells and tissues express the more ubiquitous WASP-related protein, N-WASP. The WAVE proteins (also known as SCAR proteins [9] ) are more distant relatives that include three highly conserved members, WAVE1-WAVE3, of which WAVE2 is the most ubiquitously expressed. Finally, WASH, the most recently identified member of the family, is exclusively expressed in primates, but little is known about its biochemical regulation and cellular function [10] .
All members of this family of proteins have a conserved carboxy-terminal 'catalytic core' enabling them to form a tripartite unit with globular actin (G-actin) and the Arp2/3 complex, leading to the nucleation of a branched filament meshwork [11] . This catalytic domain (the VCA or WCA domain) is formed by three independent, structurally defined regions: the verprolin homology domain (also known as the WASP homology domain 2 or WH2 domain), which binds to G-actin; the central region; and the acidic region, which mediates a direct interaction with the Arp2/3 complex. Conversely, a remarkable divergence of the amino-terminal regions of WASP/N-WASP and WAVE underlies significant differences in their activity and regulation. Consistent with this, while full-length purified WASP and N-WASP are auto-inhibited and can be activated via direct association with GTP-loaded Cdc42 and a panoply of additional interactors [12] , WAVE proteins are instead constitutively active and their regulation downstream of Rac depends on the formation of protein complexes containing intermediary 'effector' proteins. These differential modes of regulation are also reflected in their different biological activities. For instance, WAVEs are generally required for the formation of lamellipodial protrusions and circular ruffles (Figure 1 ), thus exerting a key role in the 'crawling' migration of cells [1, 7] . Conversely WASP and N-WASP are less important for the generation of membrane protrusions and instead are essential for the formation of specialized adhesive/invasive structures, termed podosomes or invadopodia, as well as being involved in the initial steps of clathrin-dependent internalization and in the movement of vesicles within a cell ( Figure 1 ).
The wide range of cellular functions regulated by Arp2/3 is now being further enriched with the identification of a new NPF, called WHAMM (WASP homology associated with actin, membrane and microtubules), recently reported by Welch and colleagues [13] . The authors surveyed the human proteome for sequences similar to those present in the WCA domain of WASP. These sequences were found in the carboxy-terminal portion of WHAMM. In vitro assays of Arp2/3-dependent actin polymerization confirmed that the WCA domain of WHAMM is capable of promoting Arp2/3 activation with efficiency comparable to the WCA domain of WAVE, and slightly lower than that of WASP. Notably, unlike WASPs but like WAVEs, the full-length protein is not auto-inhibited, implying that as yet unidentified binding partners might 'fine-tune' its regulation in vivo.
In addition to the WCA domain, which is composed of two consecutive WH2 domains that are reminiscent of the topology of WASP, the rest of WHAMM comprises: a proline-rich region, containing putative sites for profilin, a monomeric actin-binding protein that promotes actin polymerization; a coiled-coiled region that interacts directly with microtubules; and an amino-terminal domain that is required for binding to lipids. In keeping with the paradigm established by WASP and WAVE, the divergence of the amino-terminal domain is predicted to confer biological specificity to WHAMM.
The remarkable finding came when Welch and colleagues [13] looked at the localization of WHAMM and found that it is exclusively restricted to a perinuclear set of tubular/vesicular structures. These structures are adjacent to the microtubule-organizing center, partially co-localize with the Golgi and almost perfectly overlap with the intermediate tubular compartment -the so-called ERGIC -that connects the Golgi with the endoplasmic reticulum (ER). Consistent with this cellular Nucleation and branched elongation of actin filaments (shown in grey) is regulated by a variety of NPFs (WASP, N-WASP, WAVEs, WASH and WHAMM), which control the activity of the Arp2/3 complex in different cellular processes. WAVE proteins are mainly implicated in the formation of migratory protrusions, such as lamellipodia and circular dorsal ruffles (CDR). Lamellipodia are the first obligatory step in two-dimensional cell motility, whereas circular ruffles are sites of internalization events, such as fluid-phase endocytosis, and have also been implicated in directed cell motility and three-dimensional cell migration [15, 16] . WASP and N-WASP are essential for the formation of the adhesive/invasive structures known as podosomes and invadopodia and are required for the rocketing motility of endomembranes (vesicle trafficking), while contributing to clathrin-dependent endocytosis [1, 7] . WHAMM is localized in an intermediate compartment between the endoplasmic reticulum (ER) and the Golgi (ERGIC), where it regulates the formation, extension and stability of tubules by linking them to microtubules (in red) and promoting Arp2/3-dependent actin polymerization [13] . The cellular functions of WASH remain to be explored. MTOC, microtubule-organizing center. For WHAMM: N, amino-terminal region; CC, coiled-coil region; W, WH2 domain; C, central domain; A, acidic domain.
distribution, a structure-function analysis of WHAMM domains revealed that the amino-terminal motif was sufficient to direct the protein to GM130-positive (i.e. Golgi) structures, possibly via its ability to bind lipids, while the isolated coil-coiled domain bound to microtubules both in vitro and in vivo. Thus, WHAMM is an NPF specific for the ER-to-Golgi compartment, capable of connecting intracellular membranes with the actin and microtubular networks. Notably, ectopic expression of WHAMM was sufficient to increase the F-actin content at the ERGIC in an Arp2/3-dependent manner, providing the initial set of evidence that its NPF activity is also functional in vivo. Next, the authors tackled the function of WHAMM in the ERGIC compartment, finding that interference with the expression of WHAMM disrupted the localization and organization of the Golgi apparatus, pointing to a role of this protein in the maintenance of the compact, tubular-stack architecture of the Golgi. Additionally, trafficking of the temperature-sensitive viral protein VSV-G was significantly impaired upon downregulation of WHAMM. At the non-permissive temperature, VSV-G is misfolded and retained in the ER; upon switching to 33 C, it folds and is transported to the Golgi before ending its journey at the plasma membrane. Both the ectopic expression and, more importantly, the downregulation of WHAMM inhibited trafficking from the ER to the Golgi and subsequent relocalization to the plasma membrane, suggesting that WHAMM is important, albeit not essential, for anterograde transport.
The hypothesis that, through its various domains and activities, WHAMM may physically link the actin and microtubule networks with vesicles leaving the ER led to a search for the mechanisms responsible for its trafficking functions. Live-cell imaging revealed that WHAMM was visible on vesicles and tubules moving throughout the cells, a portion of which were positive for ERGIC markers. Disruption of the microtubular network with nocodazole prevented the de novo formation of WHAMM tubules and led to collapse of pre-existing ones. Conversely, pharmacological blockade of actin dynamics halted tubule dynamics and elongation, sometimes leading to tubule retraction and leaving remnant vesicles. Similar phenotypes were observed with a WHAMM point mutant that could not activate the Arp2/3 complex efficiently.
Collectively, these data suggest a mechanism by which some of the tubular structures emanating from the ER are generated through the coordinated activities of WHAMM. Indeed, WHAMM might link ER-derived membrane to the underlying microtubule network, where motor activities presumably promote the formation of tubules. The contribution of actin polymerization is less obvious. One possibility is that WHAMM-mediated activation of Arp2/3-dependent actin polymerization might generate the propulsive forces necessary to promote tubule elongation, a step that should facilitate the fusion of these tubules with the Golgi compartment. Alternatively, actin polymerization might maintain endomembranes under tension in a way that could facilitate tubulation. Future investigations will be needed to clarify this point.
Coordination of actin and membrane dynamics is emerging as a common theme in various biological processes. For example, proteins containing BAR and F-BAR domains [14] can bind and bend lipid bilayers and can also associate with NPFs, such as N-WASP, during clathrin-dependent endocytosis. In this latter case, actin dynamics, however, are proposed to promote tubule scission, with the inhibition of actin reorganization resulting in aberrant and excessive tubulation. In the case of WHAMM, its actin-polymerizing activity may act as an additional force generator to elongate tubules that WHAMM ensures remain attached to microtubule tracks, favouring anterograde transport (Figure 1 ). An intriguing implication that warrants further investigation is suggested by the combined features of WHAMM at the crossroads of membrane and cytoskeleton dynamics and by its localization: WHAMM may control the orientation of the Golgi complex and the ensuing flow of membrane and proteins toward the plasma membrane, a key event in directed cell migration. Whatever the case may be, the future dissection of the molecular mechanisms behind the action and regulation of WHAMM will shed light on the strategies adopted by mammalian cells to integrate membrane and cytoskeletal dynamics.
